Background. Patients with aortic stenosis have a period of compensated left ventricular hypertrophy but may eventually develop congestive heart failure. Previous experimental studies showed either normal myocardial contractility in mild short-term pressure overload or myocardial dysfunction with severe pressure overload. Transition from compensated left ventricular hypertrophy to myocardial dysfunction has not been experimentally demonstrated in an adult large animal. Controversial issues in pressureoverload hypertrophy include whether the left ventricular dysfunction is due to insufficient hypertrophy (afterload mismatch) or to intrinsic myocardial dysfunction and whether diastolic dysfunction precedes systolic dysfunction.
Methods and Results. We induced left ventricular hypertrophy (41% increase in left ventricular to body weight ratio) by gradually tightening a hydraulic constrictor around the ascending aorta in 9 chronically instrumented conscious sheep. Afterload (end-systolic stress) elevation remained constant (approximately 33% greater than baseline) by adjustment of the aortic constrictor over 6 weeks, gradually increasing left ventricular pressure (from 117±6 to 163±5 mm Hg) as hypertrophy developed. Four sets (baseline, 2 weeks, 4 weeks, and 6 weeks) of serial hemodynamic studies were performed in each animal with «8-blockade, first with and then without aortic constriction to mechanically match loading conditions.
Stepwise methoxamine infusion was performed to obtain load-independent assessment of myocardial contractility. Midwall shortening (P<.05) and shortening rate (P<.05) at mechanically matched loading conditions showed that myocardial dysfunction developed between the fourth and the sixth week. Shortening-preload-afterload (P<.05) and shortening rate-preload-afterload (P<.05) relations, loadindependent contractility indices based on the systolic myocardial stiffness concept, also revealed depressed myocardial contractility at the sixth week. Time constant of left ventricular isovolumic relaxation and diastolic myocardial stiffness constant did not change over the 6 weeks.
Conclusions. Transition from normal myocardial contractility to myocardial dysfunction was demonstrated. This transition occurred even when the elevation of afterload remained constant as hypertrophy incompletely adapted to increasing left ventricular pressure. Systolic dysfunction preceded diastolic dysfunction in this model. (Circulation. 1993 hypertrophy and myocardial dysfunction to distinguish whether the cardiac dysfunction was due to insufficient hypertrophy (afterload mismatch)2-4'6'7 or intrinsic myocardial dysfunction8-16 and whether diastolic dysfunction precedes systolic dysfunction. The current study was designed to answer these questions by serial assessment of myocardial systolic and diastolic function in each animal using methods independent of loading conditions. Effects of general anesthesia and recent surgery were avoided by using chronically instrumented animals. Serial evaluation of the same animal during the development of gradually induced hypertrophy minimized interanimal variability.
Most previous studies have used indices that are dependent on preload or afterload, factors known to change with pressure overload and hypertrophy. We used midwall shortening and shortening rate at common loading conditions, using both mechanical matching (hydraulic aortic cuff constrictor) and gradual methoxamine infusion and the myocardial stiffness concept.16-18
Methods

Animal Model
Studies were performed on nine Suffolk and Hampshire nonpregnant ewes (Earle Parsons and Sons, Inc, Hadley, Mass) at age 2 years (young adult). Before the application of pressure overload, the following instrumentations were implanted through a left thoracotomy using sterile surgical technique under general anesthesia induced with intramuscular ketamine (10 mg/kg) and maintained with inhalation of halothane and intravenous ketamine (10 mg* kg.* h-'): a miniature pressure transducer (P3.5, Konigsberg Instruments, Pasadena, Calif) to measure LV pressure and a Tygon catheter (Norton Plastic and Synthetic Division, Akron, Ohio) for in vivo calibration, Tygon catheters in the descending thoracic aorta and right atria, sonomicrometer crystals (SL-5 and WT-5, Triton Technology Inc, San Diego, Calif) to measure internal diameter and wall thickness of the LV, and a hydraulic constrictor (Hazen Everett, Teaneck, NJ) around the ascending aorta (supracoronary) to induce LV pressure-overload hypertrophy and to acutely alter afterload. The thoracotomy incision was closed in layers, and the animals were allowed to recover for 1 to 2 weeks. Penicillin and streptomycin (Combiotic, Pfizer) were administered by intramuscular injection before surgery and continued for 5 days thereafter.
Protocol
For the week before the first study, the animals were trained to rest quietly, upright in a nylon sling (Thelma Nantz, DeWitt, Iowa). All hemodynamic studies were performed after animals had been acclimated to the laboratory environment without anesthesia or sedative. These study conditions eliminate possible complicating effects on myocardial function of anesthetic and sedative agents or recent surgery. 19 One to 2 weeks after the instrumentation, baseline hemodynamics were assessed. The amount of saline required to infuse into the aortic cuff constrictor to produce an LV-aortic pressure gradient of 40 Chart of study protocol. After the baseline hemodynamic measurement, left ventricular (LV) to aortic peak-to-peak systolic pressure gradient (LV-Ao) was maintained at 40 mm Hg for the first 2 weeks by adjusting the ascending aortic constriction every 2 to 3 days without autonomic blockade. The second hemodynamic study was performed at the end of the second week under autonomic blockade with the aortic constriction (filled arrow) and then during temporary release of the constriction (open arrow). LV-Ao was increased to 50 mm Hg at the beginning of the third week and maintained for another 2 weeks. The third hemodynamic study was performed at the end of the fourth week. LV-Ao was increased further to 60 mm Hg at the beginning of the fifth week and maintained for another 2 weeks. Animals were killed after the final hemodynamic study at the end of the sixth week. All the hemodynamic studies were performed with autonomic blockade, whereas adjustments or increments of LV-Ao were performed without autonomic blockade. Because of the time lag between the LV-Ao adjustment and the hemodynamic study and the influence of atropine and propranolol, LV-Ao at each hemodynamic study was not exactly 40, 50, or 60 mm Hg in every animal.
fore the hemodynamic study, all animals were pretreated with propranolol (1 mg/kg) and atropine (0.1 mg/kg) to eliminate sympathetic and parasympathetic influences. Adequacy of P3-blockade was demonstrated by elimination of inotropic and chronotropic responses to intravenous bolus isoproterenol (0.2 1£g/kg). The end-systolic stress-strain relations were obtained by altering loads with graded infusion of methoxamine (6, 12.5, 25 , and 50 ug * kg`-l min`) through the right atrial line. The methoxamine infusion was increased at 5-minute intervals, when steady-state hemodynamics had been achieved. On the same day, the hemodynamic study was repeated after application of aortic constriction by infusing the predetermined amount of saline into the cuff constrictor.
After the assessment of hemodynamics at baseline, the aortic constrictor was kept inflated for 6 weeks to chronically elevate afterload. As wall thickness increased in response to the pressure overload, the aortic constrictor needed to be tightened further to raise the pressure gradient in order to maintain elevated afterload. This controlled increase in afterload was achieved by maintaining an LV-aortic peak-to-peak systolic pressure gradient in the absence of autonomic blockade of 40 mm Hg as determined above for the first 2 weeks and by incrementing the gradient in the absence of autonomic blockade by an additional 10 mm Hg at 2 and 4 weeks (see Fig  1) . Monitoring and increasing the pressure gradient were done without 3- was defined as the time of relative minimum pressure preceding an increase in LV pressure with systole. End systole was defined as the time of maximum systolic stiffness as described in the "Appendix." Circumferential stress was used for quantitation of preload and afterload since circumferential shortening and shortening rate were used as indices of fiber shortening and shortening velocity, respectively.
Assessment ofmyocardial contractility I: Midwall shortening (Sm) and shortening rate (SRm) at constant loads adjusted by the aortic constrictor. The midwall diameter (Dm) was calculated so that the same fiber, which was at the midpoint of the wall at end diastole, was tracked throughout cardiac cycles and alterations of loads taking into account the thickening gradient from endocardium to epicardium. Based on a cylindrical model of LV geometry and incompressibility of myocardium, we obtained Dm= VDes'+hes(2Ded+hed)(Des+hes)/(Ded+hed)
where D and h are internal short-axis diameter and wall thickness, and subscripts ed and es denote end diastole and end systole, respectively. '6,20 Myocardial contractility was evaluated on the basis of midwall shortening (Sm) given by Sm= 1-DnDme/Dined where Dma, and Dmnd are end-systolic and end-diastolic midwall diameter, respectively. Midwall shortening rate was also obtained as a measure of myocardial contractility as SRm=Sm/(ST/VR) where ST (systolic time) is the time from end diastole to end systole and RR is the cycle length.
Both midwall shortening (Sm) and shortening rate (SRm) calculated in this manner are known to be preload and afterload dependent.5 However, to avoid any potential confounding effects of loading state on the assessment of contractility in this study, Sm and SRm were obtained at common loading conditions throughout the four serial sets of hemodynamic studies by temporarily releasing the aortic constriction. Thus, Sm and SRm directly reflect myocardial contractility.
Alternative shortening parameters derived from enddiastolic and end-ejection diameters were also obtained.
End-ejection diameter and wall thickness were determined as diameter and wall thickness at (dP/dt)min (Reference 21) and used to obtain the conventional shortening and shortening rate (ie, not those based on the systolic myocardial stiffness concept). Although (dP/dt),i,,n may occur after end ejection, dimensions at (dP/dt)min and those at end ejection should be similar because both (dP/dt)min and end ejection occur during the isovolumic phase.
Assessment ofmyocardial contractility II: Midwall shortening-and shortening rate-preload-afterload (Sm-od-aaf, and SRm-o,,d-oa'f,) relations. We used preload-and afterload-independent assessments of myocardial contractility based on the systolic myocardial stiffness concept.17,18
The 2) PSP indicates left ventricular (LV) peak systolic pressure; AoP, aortic peak systolic pressure; LV-Ao, LV to aorta peak-to-peak pressure gradient; o,,, oap, and 0,, end-systolic, peak systolic, and mean systolic stresses, respectively; WTed, end-diastolic wall thickness; 1Ded, end-diastolic internal diameter; (dP/dt)nm and (dP/dt)min, maximum and minimum values of the first derivative of LV pressure, respectively; (dP/dt/P)max, maximum value of the first derivative of LV pressure divided by instantaneous LV pressure.
Values are mean±SEM. Data with temporary release of the aortic constrictions are shown in the parentheses. *P<.05 and tP<.01, significant changes over the 6 weeks of pressure overload.
Therefore, compensating but insufficient hypertrophy balanced an increasing LV peak systolic pressure maintaining afterload elevation constant.
The (dP/dt), did not change in response to pressureoverload hypertrophy. Elevated peak systolic pressure (P<.01) and end-diastolic pressure and end-diastolic stress, although change in the latter was not statistically significant, might have masked a change in (dP/dt),., which is load dependent. Indeed, (dP/dt)m., at 6 weeks during temporary release of the constriction tended to be decreased although statistically not significant. Correction of (dP/dt). with end-diastolic volume or fiber length would have possibly detected systolic dysfunction.
The postmortem LV weight and heart weight were 170+13 g and 217±18 g, respectively. The LV weight to body weight ratio was 3.51+0.23 g/kg, which was 41% greater than that in 2-year-old control sheep in our previous work.16 No To mechanically match loading conditions, hemodynamic measurements were repeated with acute aortic constriction at baseline and after temporary release of chronic aortic constriction at the second, fourth, and sixth weeks. That is, hemodynamic measurements were performed both with and without the aortic constriction each time.
Midwall shortening (Fig 4A) decreased at the sixth week of chronic pressure overload by 32% (P<.05) with aortic constriction and by 33% (P<.05) without aortic constriction compared with the respective baseline values. Midwall shortening rates were 0.57±0.08, 0.54±0.08, 0.48±0.07, and 0.41±0.08 S-1/2 at baseline, 2, 4, and 6 weeks, respectively, without aortic constriction, and 0.46±0.07, 0.48±0.08,0.43+0.06, and 0.35 ±0.06 S-1/2 at baseline, 2, 4, and 6 weeks, respectively, with aortic constriction (P<.05 vs baseline values). Midwall shortening rate changed qualitatively similar to shortening. Relatively great scatter in shortening compared with shortening rate is presumably due to the former's heart rate dependency. Endocardial shortening decreased at the sixth week by 16%, which was significant (P<.05) but less than the decrease in midwall shortening (Fig 4B) . Although endocardial shortening rate tended to decrease from 1.12+0.12 at baseline to 1.00+0.12 at the sixth week, it was not statistically significant. Discussion We demonstrated transition from LV pressure-overload hypertrophy with normal myocardial function to myocardial dysfunction in chronically instrumented conscious sheep with ascending aortic constriction. This study is unique in that gradual but progressive pressure overload was applied in large adult animals combined with serial load-independent assessment of myocardial contractility. Implanting a fixed constriction in an immature animal and allowing it to grow also induces progressive chronic pressure-overload hypertrophy. We previously demonstrated that pressure-overload hypertrophy induced in adult sheep differs from that in growing young lambs in terms of the effects on myocardial function,16 an effect that may be in part related to sudden versus gradual imposition of the pressure load. The adjustable constrictor not only enabled the gradual imposition of pressure overload but also allowed the animal to recover from surgery without pressure overload, avoiding potential initially acute myocardial damage as a result of simultaneous surgical intervention and initiation of pressure overload. With this model, midwall shortening and shortening rate at matched loads using an adjustable aortic constrictor, and the loadindependent indices of contractility Sm-ord-oaft and SRm-cred-oaft relations showed a significant decrease in myocardial contractility at the sixth week.
An alternative explanation for the depression in midwall shortening and shortening rate observed in this study that should be considered is a failure to keep pace with the increasing severity of aortic stenosis without intrinsic myocardial dysfunction. According to this hypothesis, shortening and shortening rate decrease as a result of elevated afterload in the presence of normal myocardial contractility.2-4'6 In this study, we mechanically maintained a constant elevation of afterload. The initial decrease in shortening and shortening rate was proportional to the rise in afterload, consistent with the afterload mismatch hypothesis. Since the elevation in afterload was constant, the decrease in shortening and shortening rate from baseline values should have been (Table 3) . Gradual application of the pressure overload in the current study may have contributed to the absence of prolongation of the time constant of relaxation22,23 and impairment of diastolic elastic properties.24-26 However, we did not perform interventions such as rapid pacing or hypoxia, and there remains the possibility that diastolic function reserve was depressed. We previously demonstrated prolongation of the time constant of relaxation during rapid atrial pacing in a similar model of sheep LV hypertro- 
Study Limitations
We terminated the study at 6 weeks even though data after longer periods of pressure overload would probably have revealed more substantial myocardial dysfunction and a clearer discrepancy between systolic and diastolic dysfunction. Our primary goal was to detect the transition from compensated hypertrophy to intrinsic myocardial dysfunction. Further exposure to pressure overload after development of myocardial dysfunction at 6 weeks would have probably induced clinical congestive heart failure, as shown previously.4 Systemic heart failure elicits secondary neurohumoral influences, which tend to complicate and obscure the effects of mechanical overload on myocardial function. The 41% increase in LV to body weight ratio represents severe LV hypertrophy for an adult large animal model. Further continuation of pressure overload in this model may or may not induce further hypertrophy and/or result in additional afterload mismatch or acute heart failure. A pilot study in three sheep indicated that extention of pressure overload to 8 weeks resulted in a substantially increased risk of premature death (two of three sheep) caused by congestive heart failure and rupture of the ascending aorta. Higher mortality would result in biased selection of surviving subpopulation.
A potential criticism of this study is the lack of long-axis dimension measurement. Long-axis dimension crystals were not implanted in order to minimize the morbidity and mortality. Large alterations in LV geometry may invalidate the assumption of cylindrical geometry. However, we believe that the changes in geometry induced by hypertrophy, representing a 40% to 50% increase in LV to body weight ratio, was unlikely to change our results. A postmortem study in 11 patients with pressure-overload hypertrophy36 showed homogeneous increase in myocyte size among five different ventricular sites (apical, anterolateral, posterolateral, anteroseptal, and posteroseptal LV). That study in part suggested that the cylindrical assumption and the equatorial shortening-stress analyses can assess and compare myocardial function in normal and hypertrophied ventricles. On the other hand, inclusion of long-axis dimension would have enabled us to assess ventricular contractility indices such as (dP/dt)mai-end-diastolic volume relation,37 preload recruitable stroke work,38 and ventricular filling parameters.
We used end-systolic myocardial stress to quantitate afterload as the hemodynamic stimulus inducing hypertrophy. At the myocardial level, we believe myocardial stress rather than LV pressure or LV-aortic pressure gradient is the major determinant of LV hypertrophy. Mean or peak systolic stress may be a more appropriate measure of stimulus to hypertrophy than the end-systolic stress. However, we used the end-systolic stress because of controversy as to the beginning and end of systole, which substantially influences the calculated values of mean systolic stress. Nevertheless, mean and peak stresses had changes that were qualitatively similar.
Patients with aortic valve stenosis respond over years to a gradual increase in pressure overload. Once load hypertrophy. Slower and longer application of pressure overload might induce more hypertrophy. Severe concentric hypertrophy would have elevated enddiastolic pressure and minimal depression in endocardial shortening7 often observed in patients with severe chronic pressure-overload LV hypertrophy.
The constrictor was placed around the ascending aorta distal to the coronary arteries. Thus, the coronary circulation in this model is exposed to elevated systolic pressure, as would be the case in hypertensive LV hypertrophy as opposed to aortic valve stenosis, which has a gradient between coronary pressure and LV cavity pressure throughout systole. Aortic constriction proximal to the coronary arteries is technically difficult but may have different effects on diastolic and systolic function. We 
